The genus Yersinia is a large and diverse bacterial genus consisting of human-pathogenic species, a fish-pathogenic species, and a large number of environmental species. Recently, the phylogenetic and population structure of the entire genus was elucidated through the genome sequence data of 241 strains encompassing every known species in the genus. Here we report the mining of this enormous data set to create a multilocus sequence typing-based scheme that can identify Yersinia strains to the species level to a level of resolution equal to that for whole-genome sequencing. Our assay is designed to be able to accurately subtype the important human-pathogenic species Yersinia enterocolitica to whole-genome resolution levels. We also report the validation of the scheme on 386 strains from reference laboratory collections across Europe. We propose that the scheme is an important molecular typing system to allow accurate and reproducible identification of Yersinia isolates to the species level, a process often inconsistent in nonspecialist laboratories. Additionally, our assay is the most phylogenetically informative typing scheme available for Y. enterocolitica.
T
he Gram-negative Yersinia is one of the most important and well-studied bacterial genera, consisting of three human pathogens. Y. pestis is the causative agent of bubonic and pneumonic plague and is a recently diverged clone of Yersinia pseudotuberculosis (1) , which alongside Y. enterocolitica is a zoonotic gastrointestinal pathogen (2) . The remaining species are not associated with human disease and are considered to be environmental organisms, with the exception of the common fish pathogen Y. ruckeri (2) and the insecticidal species Y. entomophaga. Of the human-pathogenic species, Y. enterocolitica is the most common etiological agent of human disease, and in Germany and Scandinavia, the numbers of cases of human intestinal yersiniosis caused by Y. enterocolitica rival those caused by Salmonella (3) . Y. enterocolitica is in itself a very diverse species that is classically subdivided into nonpathogenic, low-pathogenic, and high-pathogenic biotypes based on virulence in a mouse infection model (4) . Biotype 1A isolates are considered nonpathogenic, which is concordant with a lack of the major Y. enterocolitica virulence factors such as pYV, invasin, YadA, and Ail (5), although there are numerous reports of biotype 1A human carriage (6, 7) . Biotype 1B isolates are high pathogenic, which is concordant with carriage of the high-pathogenicity island, but isolation from human disease cases is very rare with the exception of notable outbreaks such as the recent emergence in Poland (8) . Biotype 2 to 4 isolates are low pathogenic and are globally the most common causes of human gastrointestinal yersiniosis (4) . Biotype 5 isolates are also considered low pathogenic but have only been isolated from wild hare populations and are very rare in nature (5) .
From a clinical perspective, the isolation and subsequent identification of Yersinia and in particular Y. enterocolitica to the species and subspecies levels can be challenging, with recent publications striving to improve the efficacy of selective culturing of Yersinia from clinical and environmental samples (9) . Once isolated, strains are most commonly identified to the species level by comparing the differential utilization of a panel of 17 biochemical substrates (4, 10) . Further subdivision of Y. enterocolitica into biotypes is also performed based on utilization of a further 12 substrates. In both cases, the interpretation of such biochemical typing may often be subjective and affected by environmental factors such as temperature of incubation (4, 10) . There is also further subdivision based on classical serotyping. As such, the identification of Yersinia to the species and subspecies levels can be very problematic for nonspecialist laboratories with misidentification at the species level and subtyping level not an uncommon occurrence, as exemplified by recent assignment of new species by molecular methods following inconclusive species determination by biochemical methods (11, 12) .
Recent work by our group definitively characterized the phy-logeny of the entire Yersinia genus using genome sequences of 241 strains encompassing the full diversity within the genus (13) . Particular attention was given to Y. enterocolitica, of which 94 strains encompassing all biotypes and serotypes were sequenced. The whole-genus phylogeny was constructed using 84 housekeeping genes that are located on 23 syntenic blocks, regions of DNAcontaining genes conserved across the genus, and showed the presence of 14 species clusters as determined by Bayesian analysis of population structure (BAPS) software (13) . The resulting phylogeny also accurately distinguished Y. pestis as a distinct clone of Y. pseudotuberculosis and phylogenetically split Y. enterocolitica on the basis of high-pathogenic, low-pathogenic, and nonpathogenic biotypes (13) . A core genome single nucleotide polymorphism (SNP)-based phylogeny provided greater resolution for Y. enterocolitica and showed that the phylogenetic separation within the low-pathogenic strains is concordant with serotype and not biotype, which is almost certainly due to difficulties in interpreting variable reactions discriminating biotypes 2 and 3 (13) . Given our significant findings on the true phylogenetic structure of the entire Yersinia genus and the fact that this phylogeny can be determined from housekeeping genes present on conserved syntenic blocks, we sought to determine if a standard, seven-gene multilocus sequence typing (MLST) scheme could be developed from a subset of those genes. Such a scheme would then be able to rapidly and with complete accuracy identify any member of the Yersinia genus to the species and subspecies levels upon the initial isolation. There is a well-established MLST scheme available for Y. pseudotuberculosis (14) that has been used to delineate the population structure of the species complex (15); however, this scheme has not been designed to be robust across the genus. Similarly, there have been attempts to create MLST schemes for Y. enterocolitica (16) (17) (18) ; however, these have not been informed by genomic data and their suitability for identification to the species and subspecies levels is questionable compared to that of our previous whole-genome phylogeny study (13) . Here, we present the design and validation of a new pan-Yersinia MLST scheme that provides identification to the species level that is completely concordant with our previous whole-genome phylogeny (13) . Furthermore, it accurately differentiates Y. pestis and Y. similis from Y. pseudotuberculosis and, more significantly, the scheme subtypes lowpathogenic Y. enterocolitica on the basis of serotype in complete concordance with whole-genome phylogeny of the species. We propose that the pan-Yersinia MLST scheme is an invaluable tool in the identification of Yersinia to the species and subspecies levels from clinical samples and that the classification of low-pathogenic Y. enterocolitica on the basis of phylogenetically distinct serotypes be adopted.
MATERIALS AND METHODS

Strains.
The initial design and development of the MLST scheme utilized de novo assembled genome sequences of 171 Yersinia strains that were part of our previously published work (13) . This strain collection was made up of the Yersinia species as follows:
ruckeri, and 4 Y. similis. The 171 strains are a subset of the 241 sequenced in our previous study and were chosen because their assembled genomes contained no ambiguous base calls or contig breaks in the syntenic blocks our study design focused on.
Selection of phylogenetically informative genes within conserved syntenic blocks.
To establish the level of genetic diversity of each of the common housekeeping genes, GenBank files of each of the 23 syntenic blocks from Y. enterocolitica 8081, Y. pseudotuberculosis IP32953, and Y. pestis D106004 were created using Artemis (19) . The sequences of each of the conserved housekeeping genes were then extracted and aligned in MEGA 5.0 (20) , as these represent the three human-pathogenic species that are located at diametrically opposite ends of the genus phylogeny. The genes that had a level of SNPs between 10 and 25% were retained for further analysis. The sequences of the remaining genes were used to create individual gene maximum likelihood trees using MEGA 5.0 and compared to the Yersinia phylogeny (13). Seven genes that were able to closely match the branching order and clearly discriminate between the species clusters, with Ͻ2% strain displacement, and that were disseminated across the syntenic blocks were chosen. Pan-Yersinia gene primers for the seven selected genes were designed based on the multiple alignments.
PCR and sequence analysis. The culture was grown overnight in 1.5 ml LB broth at 25°C with shaking, and genomic DNA was extracted using the GenElute bacterial genomic DNA kit (Sigma-Aldrich), following the manufacturer's instructions. A temperature gradient PCR was used to establish the optimum annealing temperatures for the primers. The result was optimized by carrying out the PCR on representative strains of all the species for each primer pair as follows: initial denaturation at 94°C for 5 min; 30 cycles of denaturation at 94°C for 30 s, annealing temperature dependent upon the primer set for 30 s; elongation at 72°C for 30 s; and final elongation at 72°C for 5 min. PCRs were carried out using the GoTaq Flexi DNA polymerase kit (Promega) and deoxynucleoside triphosphates (dNTPs) (Promega) as follows: 5 l 1.5 mM MgCl 2 , 5 l 10ϫ PCR buffer, 2 l 10 M dNTPs, 0.3 l 5 U/M Taq DNA polymerase, 40 l sterilized distilled water, 0.5 l 10 pmol forward and reverse primers, 1 l ϳ10 ng/l DNA. The amplification product was then cleaned using Exo-SAP-IT (Affymetrix) and Sanger sequenced in duplicate to obtain independent forward and reverse reactions.
The sequence data obtained for each gene were aligned and trimmed to a uniform length, using MEGA 5.0. Each unique sequence was identified using the Web tool Non-redundant databases (http://pubmlst.org /analysis/) and allocated a specific allele number. All of the sequence and isolate data were uploaded to the publically available MLST database (http://pubmlst.org/yersinia) using the BIGSdb genomics platform (21) .
Phylogenetic and population analysis of MLST data. The freely available software START (22) was used to calculate the ratio of nonsynonymous (dN) to synonymous (dS) nucleotide substitutions to determine the level of selective pressure acting upon each MLST gene. START was also used to determine that the GC content in the MLST genes was comparable to that of the whole-genome GC content. To detect recombination within the Y. enterocolitica MLST data, SplitsTree 4.2 (23) was used to compute the pairwise homoplasy index (PHI). An MLST database and Web interface were created for the scheme (http://pubmlst.org/yersinia/), and the sequence data for all seven loci from all 171 individual strains were input to assign allele numbers. From these sequences, types were ascribed to each unique allele combination occurring in the data set. The designated allele numbers were visualized by creating minimum spanning trees using the goeBURST Full MLST algorithm in PHYLOViZ (24) . Maximum likelihood phylogenies were created by concatenation of the sequence of the seven loci and alignment with ClustalW in MEGA 5.0, before the phylogeny was determined with the GTR gamma model in RAxML 7.2.8 -2 (25) .
RESULTS
Selection of genes and validation of a pan-Yersinia MLST scheme on in silico genome sequence data. The sequences of 73 genes conserved across the genus (Table 1 ) from 171 de novo assembled genomes were used to create individual gene phylogenies. Additionally, the alignments were used to identify regions of high similarity in each gene that would permit the design of universal primers capable of amplifying the gene across the genus. From this analysis, seven optimal gene loci were selected based on their ability to mirror the genome-informed phylogeny and the ability to design primers that would work across the genus (Table 2) , as well as their separation across the syntenic blocks (Fig. 1 ).
There was a high level of diversity shown across the seven selected MLST regions, averaging around 60 alleles and 40% polymorphic sites for each ( Table 3 ). The dN/dS ratios were far below 1 for each MLST region, suggesting that the nucleotide substitutions are not a result of selective pressure. The average GC content found in the MLST gene regions corresponds to that of the Yersinia chromosomes, which ranges from 46.9% in Y. frederiksenii to 49.0% in Y. mollaretii (data accessible at the xBASE website http: //www.xbase.ac.uk/taxon/Yersinia). The PHI test also failed to detect any recombination within the MLST amplicons from the Y. enterocolitica data set.
Pan-Yersinia MLST scheme is phylogenetically informative to genome sequence level. A maximum likelihood phylogeny of the concatenated MLST data obtained from the 171 genome-sequenced strains was constructed. The resulting tree showed accurate phylogenetic separation of all of the species identified by the 84-gene tree approach taken in our previous work (Fig. 2) with 100% concordance between the two phylogenies and identical Closer investigation of the Y. enterocolitica complex showed that the MLST scheme also differentiates on the basis of high-pathogenic, low-pathogenic, and nonpathogenic groups, and within the low-pathogenic group differentiates on the basis of serotype into defined phylogroups as observed when the whole-genome phylogeny is used. As such, the pan-Yersinia MLST scheme provides a completely robust mechanism by which to accurately assign any Yersinia isolate to a defined species cluster and further subtype without any additional growth requirements beyond initial isolation. Validation of the pan-Yersinia MLST scheme on reference laboratory isolate collections. To validate the in silico results for our genus-wide typing scheme, we performed MLST on a further 214 Yersinia strains archived in the national Yersinia reference laboratories of Belgium, Germany, United Kingdom, and France (see Table S1 in the supplemental material). The concatenated MLST sequence data for all 385 strains were then used to construct a maximum likelihood phylogeny and compare the results of the classical biochemical typing and subtyping with those for our phylogenetic approach (Fig. 3) . The phylogeny once again shows unambiguous separation of strains into the previously designated species clusters, with 97.83% of strains tested being assigned to the corresponding species cluster based on their biochemical typing. Included here are strains of Y. wautersii, a newly proposed species which is a sublineage of Y. pseudotuberculosis. Two strains biochemically defined as Y. pseudotuberculosis by the reference laboratories with the Y. similis subgroup and a further 6 isolates were assigned to species clusters in disagreement with their classical biochemical typing designation by the reference laboratories.
To validate the in silico results showing that our MLST scheme was able to successfully subtype Y. enterocolitica, we separately analyzed the MLST data for the 188 Y. enterocolitica isolates contained within the entire data set generated here (Fig. 4) . Our phylogeny perfectly assigns every strain to a defined phylogroup on the basis of serotype as previously reported with whole-genome SNP-based phylogeny. There are no ambiguous phylogroup assignations on the basis of serotype, although, as with the wholegenome study, biotype is not phylogenetically robust. To allow an easy comparator for use of the scheme, we assigned which species cluster and/or Y. enterocolitica phylogroup each sequence type belongs to (see Table S2 in the supplemental material).
DISCUSSION
The enteropathogenic Yersinia spp. are the third most common cause of bacterial infectious intestinal disease in the developed world (5) . Despite this, the isolation and identification of infections with Y. enterocolitica and Y. pseudotuberculosis are still heavily reliant on classical biochemical techniques that may be open to subjective interpretation to provide a definitive identification (4, 10) . This subjective biochemical typing is even more problematic when applied to subtyping of isolates, which is of importance in epidemiological tracking, and in the case of Y. enterocolitica may be of clinical importance in distinguishing between the carriage of a nonpathogenic organism, a self-limiting infection with a lowpathogenic strain, or an infection with a more aggressive highpathogenic strain type. Similarly, nonpathogenic species within the genus may be biochemically typed as atypical Y. enterocolitica, leading to misidentification of clinical episodes, administration of unnecessary treatments, and skewed data in environmental and livestock surveys of enteropathogenic Yersinia prevalence (26, 27) . Despite the proven levels of resolution offered by molecular typing techniques for bacterial pathogens to overcome such problems, there is no such approved and standardized methodology in place for Y. enterocolitica, the most common cause of human gastrointestinal yersiniosis. An MLST scheme does exist for Y. pseudotuberculosis but is designed and validated to be used as an epidemiological and population genetics tool solely for that species (15) . In this study, we have utilized the comprehensive genus ge- nome sequence data set previously produced by our group (13) to inform the design of an MLST-based scheme that can rapidly and reproducibly assign any strain to a defined species cluster and any Y. enterocolitica to a defined phylogroup.
Previous attempts have been made to create MLST typing tools for Y. enterocolitica. The first scheme (16) was a 5-locus scheme incorporating 16S that was developed to allow phylogenetic inferences within the genus Yersinia. However, when the phylogeny published in that pregenomics era study is compared to our definitive phylogeny recently published (13) , it is clear that the 5-locus phylogeny is inaccurate with Y. enterocolitica deeply embedded within environmental species (16) . As such, determining the species using this scheme on an unknown isolate would not offer sufficiently robust resolution for reference laboratory adoption. A conventional 7-locus scheme was developed from a semirandom selection of housekeeping genes to investigate subgrouping within the nonpathogenic biotype 1A Y. enterocolitica isolates (17) . While the loci in this scheme are among the 84 genes conserved across the genus, in silico analysis suggests that the primers designed may not be optimal across the genus due to base mismatches at the primer sites and as such would not be suitable for the purposes of identifying Yersinia isolates to the species level. Most recently, a scheme was developed to differentiate the three human-pathogenic species of the Yersinia genus using a 7-locus MLST scheme (18) . This scheme accurately subtyped Y. enterocolitica into distinct subtypes, including serotype-specific clades within the low-pathogenic strains, as observed both in our scheme and in our genomic phylogeny (13) . However, this scheme also uses primers that in silico analysis suggests would not anneal to sequences from some species. Additionally, neither of the latter two schemes has been set up with a database and protocols to allow its wide-scale adoption for reference typing.
In conclusion, we present a model and novel design strategy for molecular typing tools based on genome sequence data across an entire genus containing human-pathogenic species. By using these data, we can design a simple MLST-based scheme that provides the power of resolution of whole-genome sequencing to quickly and accurately identify isolates to the species level and also subtype strains of Y. enterocolitica. While next-generation sequencing is becoming commonplace in a small number of public health laboratories, there are still many front-line clinical microbiology laboratories that are not yet in a position to employ benchtop sequencing due to the cost or bioinformatics resources. Our scheme provides a blueprint for the efficient design of simple molecular-based tools that provide an equal level of resolution for typing, although obviously not for SNP-based molecular epidemiological investigations. We encourage the public health microbiology community to adopt our scheme and further validate it as a universal typing tool for the entire Yersinia genus and as a subtyping and population genetics tool for the important human pathogen Y. enterocolitica.
